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diverse aluminum bridles; such a designed path is thought to
avoid bending losses due to the curvature. The plate is posi
tioned on a heating chuck of the same diameter permitting
us to irradiate at different controlled temperatures. The 10 keV
x ray irradiation was performed at CEA, DAM, DIF (Arpajon,
France), with the ARACOR machine [12]. The dose rate is
40 Gy∕s for 25,000 s leading to a total dose of 1 MGySiO2;
the irradiation beam of diameter about ∼2 cm is centered on
the setup plate.
Distributed temperature measurements are performed with
an optical backscatter reflectometer (OBR) 4600 from Luna
Technologies. Rayleigh response to radiation is first investi
gated at a constant irradiation temperature of 50°C, which is
reduced at room temperature at the irradiation end. In Fig. 2
the measured temperature as a function of the time during the
experiment is reported. As we can notice, detected thermocou
ple temperature reproduces well the OBR response during the
whole sequence: irradiation at 50°C up to 1MGy, and recovery.
The inset highlights the small temperature differences between
the OBR and thermocouple responses during irradiation.
Since we observe the same trend both in the thermocouple
and in the irradiated fiber we can affirm that no significant
radiation effects affect the Rayleigh distributed temperature
measurements; the only observed effect is, indeed, a slight
warming up due to x ray beams.
Then we study radiation and temperature combined effects,
as it was recently shown that the two constraints can enhance
the radiation induced degradation of fibers [13]. The experi
ment is divided in two runs: (i) first, we characterize the fiber
response to the temperature inside its setup plate performing
10 steps of ∼42 min each between 40°C and 75°C, (ii) then,
without changing fiber installation, we characterize mixed tem
perature and radiation sensibility making the same temperature
steps procedure during irradiation at a constant dose rate of
40 Gy∕s. The acquired spectral shift values during the first
run allow a calibration of our system (fiber plate) finding
a CT of 7.71 0.15 · 10−6°C−1. We use this coefficient to
obtain temperature as a function of time, which fits well with
the thermocouple responses and is reported in Fig. 3(a). This
temperature response is used as a reference to investigate
the combined radiation and temperature effects reported in
Fig. 3(b) for the second run. As pointed out before, we are able
to follow the temperature in all the steps even during irradia
tion. It is useful to highlight that the fiber sensor response
is very quick (less than 60 s) as temperature is well evaluated
during some brutal changes happening during the run
(see, e.g., curve around 2.5 and 5 h).
Figure 4 shows the comparison of temperature evolution
between the two runs. Temperature differences normalized
with thermocouple values (ΔT ) between the two runs are re
ported in the inset and we demonstrated that no significant
error on the OBR temperature is caused by radiations. ΔT val
ues show that, except for the first point at 0°C where ΔT is
5.1 0.5°C, differences of calculated temperature between
the first and second runs are between 0.6°C and 2.1°C.
These ΔT are linked to the installation setup and calibra
tion procedure. As shown in [7], distributed temperature and
strain measurements are, in fact, strongly dependent on the fi
ber packaging. The presence of coating or metallic components
can introduce errors in CT determination, which is an issue
that can be solved by calibrating the whole system and by
optimizing the fiber packaging or reducing the external con
straints. However, this sensor optimization will be specific to
a given fiber sensor and to a given industrial environment.
For harsh environment applications, the long distance prob
ing fiber length is a key aspect to investigate as these sensors are
affected by the RIA phenomena that limit their sensing length
and degrade the signal to noise ratio. Radiation, indeed, indu
ces point defects that degrade optical fiber response, which de
pend, e.g., on the nature of the irradiation, the total reached
dose, the dose rate, and the optical fiber core/cladding compo
sition [1]. We reported in [6] an extended study on five classes
of optical fibers from radiation resistant to radiation sensitive
ones that points out that for OFDR measurements RIA is a
critical mechanism in the sense that it will reduce the sensing
Fig. 1. Experimental setup used for temperature distributed mea
surement under x ray irradiation.
Fig. 2. Temperature evolution as a function of time measured by
OBR on SMF28 fiber during irradiation at 50°C (solid black circles)
and by thermocouple temperature (red line); irradiation period is high
lighted by two straight vertical lines (duration 25,000 s, dose: 1 MGy).
The inset shows a zoom during irradiation and the temperature is
reported as a function of time in irradiated fiber (black circles) and
thermocouple (red line).
length from several kilometers in radiation resistant fibers to
a few meters when the fiber is radiation sensitive. Moreover,
irradiation temperature is also a crucial parameter for optical
fiber performance: Girard et al. in [13] show that there is
a complex combined influence between this parameter and
the radiation (dose, dose rate). To better understand the
role of RIA in our measurements we investigated the fiber
behavior with an experimental and simulation approach in
terms of RIA.
Figure 5 reports the spectral losses in the infrared region
after an irradiation dose of 1 MGy. Attenuation of 74 dB∕km
is reported at the wavelength of interest (1550 nm). This value
level is acceptable when short irradiation fiber lengths are
involved.
As longer optical fiber lengths have to be integrated in harsh
environments, it is important to evaluate in these conditions the
capability of the employment of the OFDR technique. To this
aim, by using the power law defect growth kinetics of RIA as
a function of the radiation dose described [10] and [14] for
Ge doped optical fibers, from the maximum device length of
the OFDR and its optical budget, we evaluate dose rate and dose
range that can be investigated with OBR 4600 and SMF28
fiber. Obtained results are shown in Fig. 6 for a device length
Fig. 3. Temperature evolution as a function of time measured
(a) without radiation and (b) with radiation. Open black circles indi
cate temperature calculated by Rayleigh measurements in absence of
radiation (a), solid black circles represent temperature values under
irradiation and red line measured thermocouple temperature. In (b) ir
radiation window is highlighted by two straight vertical lines, 1 MGy
dose is reached after 25,000 s of irradiation.
Fig. 4. Comparison of temperature responses as a function of time
measured without radiation (open black circles) and during irradiation
(solid red circles). The inset represents temperature differences be
tween irradiated and nonirradiated corrected with temperature fluc
tuation of thermocouple data.
Fig. 5. Infrared RIA of SMF28 irradiated at 1 MGy.
Fig. 6. OFDR possible dose and dose rate ranges calculated [10,14]
in condition of RIA  0.14 dB∕m (straight red line) and (D 0, D) cou
ples associated with various projects and natural radiation environ
ments where the integration of optical fibers is investigated [1].
of 70 m (that preserve the OFDR spatial resolution measure
ments of 20 μm) and an optical budget of 10 dB. By varying
the dose rate we calculate the dose corresponding to a RIA of
0.14 dB∕m, which defines our investigation region. Couples
(D 0, D) below this straight line permit the study with OFDR
in specified conditions; however, a higher RIA level limits the
device length, preventing the investigation.
In Fig. 6 the dose and dose rate ranges, associated with vari
ous projects and natural radiation environments where the in
tegration of optical fibers is considered, are also reported. Thus,
OFDR optical fiber sensors can be employed in monitoring
applications in several harsh environments, even using a com
mercial germanosilicate fiber. This range will be extended using
radiation hardened pure silica core or fluorine doped optical
fibers.
In summary, we evaluate radiation effects on a germanosi
licate optical fiber which can be employed in monitoring
applications in several harsh environments, as shown by a
coupled experimental and simulative approach. By developing
a new setup permitting to control temperature during irradia
tion we show that in situ distributed temperature measurements
up to 1 MGy are successful during both irradiation and recov
ery processes. Results on combined temperature and irradiation
effects show that changing irradiation temperature can lead to
an error (typically ∼2°C) in distributed measurements that is
partly related to the fiber packaging. The understanding of
these effects by varying fiber composition and in particular
on radiation resistant fibers will be done in future work, as well
as complementary investigations on fiber packaging during
measurements and on coating contributions examining a large
range of possible fiber coatings.
REFERENCES
1. S. Girard, J. Kuhnhenn, A. Gusarov, B. Brichard, M. Van Uffelen,
Y. Ouerdane, A. Boukenter, and C. Marcandella, IEEE Trans. Nucl.
Sci. 60, 2015 (2013).
2. X. Bao and L. Chen, Sensors 12, 8601 (2012).
3. F. Berghmans, B. Brichard, A. F. Fernandez, A. Gusarov, M. Van
Uffelen, and S. Girard, Optical Waveguide Sensing and Imaging
(Springer, 2008), pp. 127 165.
4. B. J. Soller, D. K. Gifford, M. S. Wolfe, and M. E. Froggatt,
Opt. Express 13, 666 (2005).
5. B. J. Soller, M. Wolfe, and M. E. Froggatt, “Polarization resolved mea
surement of Rayleigh backscatter in fiber optic components,” in OFC
Technical Digest, Los Angeles, California, 2005.
6. S. Rizzolo, A. Boukenter, E. Marin, M. Cannas, J. Perisse, S. Bauer,
J. R. Mace, Y. Ouerdane, and S. Girard, Opt. Express 23, 18997
(2015).
7. A. V. Faustov, “Advanced fibre optics temperature and radiation sens
ing in harsh environments,” Ph.D. dissertation (Université de Mons,
2014).
8. A. V. Faustov, A. V. Gusarov, P. Mégret, M. Wuilpart, A. V. Zhukov,
S. G. Novikov, V. V. Svetukhin, and A. A. Fotiadi, Tech. Phys. Lett. 41,
414 (2015).
9. Y. Sikali Mamdem, X. Phéron, F. Taillade, Y. Jaoüen, R. Gabet, V.
Lanticq, G. Moreau, A. Boukenter, Y. Ouerdane, S. Lesoille, and
J. Bertrand, “Two dimensional FEM analysis of Brillouin gain spectra
in acoustic guiding and antiguiding single mode optical fibers,” in
COMSOL Conference, Paris, France, 2010.
10. M. Van Uffelen, “Modélisation de systèmes d’acquisition et de trans
mission à fibres optiques destinés à fonctionner en environnement
nucléaire,” Ph.D. dissertation (Université de Paris XI, 2001).
11. S. T. Kreger, D. K. Gifford, M. E. Froggatt, B. J. Soller, and M. S.
Wolfe, “High resolution distributed strain or temperature measure
ments in single and multi mode fiber using swept wavelength inter
ferometry,” Optical Fiber Sensors, Cancun, Mexico, 2006.
12. P. Paillet, J. R. Schwank, R. Shaneyfelt, M. V. Ferlet Cavrois, R. L.
Jones, O. Flament, and E. W. Blackmore, IEEE Trans. Nucl. Sci.
49, 2656 (2002).
13. S. Girard, C. Marcandella, A. Morana, J. Perisse, D. Di Francesca, P.
Paillet, J. R. Macé, A. Boukenter, M. Léon, M. Gaillardin, N. Richard,
M. Raine, S. Agnello, M. Cannas, and Y. Ouerdane, IEEE Trans. Nucl.
Sci. 60, 4305 (2013).
14. D. L. Griscom, M. E. Gingerich, and E. J. Friebele, Phys. Rev. Lett. 71,
1019 (1993).
